In this study, the non-isothermal crystallization kinetics of 2CaO·Fe 2 
Introduction
In the 1960s and 1970s, the CaO-Fe 2 O 3 system replaced the silicate system as the focus in fluxed sinter research. 1) Fluxed sinter containing CaO-Fe 2 O 3 system as bonding phase demonstrates improved physical and metallurgical performance. Research on calcium ferrite, especially its reduction, is extensive. [2] [3] [4] [5] However, crystallization of calcium ferrite has not been intensively investigated. The crystallization behavior and crystal morphology of CaO-Fe 2 O 3 system affect various indices, such as strength and reducibility, which are used to evaluate the quality of fluxed sinter. Research on the growth type of CaO-Fe 2 O 3 system is useful in indirectly investigating the microstructure of the crystallization phase. Crystallization of the CaO-Fe 2 O 3 system has not been reported. With the rapid development in thermal analysis methods, such as thermogravimetry (TG) and differential scanning calorimetry (DSC), thermal analysis kinetics has become an effective method used to describe crystallization behavior.
Sosman and Merwin 6) initially assessed the phase relationship in the CaO-Fe 2 O 3 system in air atmosphere in 1916, however, CaO·2Fe 2 O 3 was not considered in their theoretical system, but proven by Tavasci 7) in 1936. By using phase stability analysis, Malquori and Cirilli 8) demonstrated that CaO·Fe 2 O 3 is more stable than CaO·2Fe 2 O 3 in a system equilibrated with Fe 2 O 3 . Edstrom 9) reported the temperature interval of phases generated in the CaO-Fe 2 O 3 system. Muan 10) finally demonstrated the phase diagram of CaO-Fe 2 O 3 in air and at 1 atm O 2 pressure, in which phase stability, Fe 2 O 3 decomposition, and 2CaO·Fe 2 O 3 melting were fully discussed. The morphology of calcium ferrite is highly relevant to phase analysis but has been rarely studied, especially through thermal analysis. Thus, the present study investigated crystallization by using kinetic methods in thermal analysis. This paper discusses only the binary system. The influence of chemical components on crystallization will be tackled in future work.
The Avrami, [11] [12] [13] Ozawa, 14) and Mo [15] [16] [17] models are used to analyze the crystallization of copolymers, minerals, and metals. The present study used these models to analyze the crystallization behavior of the CaO-Fe 2 O 3 system. The relationship of conversion ratio to crystallization time and temperature was determined by the kinetics study through thermal analysis. DSC scans with regard to the association of heat flow with enthalpy changes provide a scientific means to assess the relevance of conversion ratio to crystallization time and temperature. The non-isothermal crystallization kinetics of 2CaO·Fe 2 O 3 and CaO·Fe 2 O 3 are further investigated by DSC measurement with Avrami, Ozawa, and Mo models. Moreover, the activation energy for generating 2CaO·Fe 2 O 3 and CaO·Fe 2 O 3 are calculated using Kissinger 18) method.
Theoretical Basis

Avrami Model
Studies on thermal analysis kinetics have gradually shifted from the use of isothermal methods to non-isothermal methods. 19) In particular, the Avrami model was derived from the isothermal system and extended to the non-isothermal system by substituting crystallization time to temperature. Other non-isothermal models, such as the Ozawa and Mo models, have also been widely employed.
The conversion ratio can be described as follows: where X(T) is the conversion ratio that corresponds to temperature T. S T T 0 is the area surrounded by the DSC curve and the baseline from the onset temperature T 0 to a fixed temperature T. S T T 0 1 is the total area from the onset temperature to the final temperature T 1 . X(T) can be also expressed as Fig. 1 .
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During crystallization under a fixed cooling rate β, the relationship between time and temperature can be described as follows:
the Avrami model was formulated using the conversion ratio as a function of time and can be described as follows:
where X(t) is the conversion ratio at a given temperature at time t, K is the rate constant of crystallization, and n is the Avrami exponent, which is determined by using the conversion ratio X(t) and time t by plotting ln[ − ln(1 − X(t))] against lnt, as follows:
where the Avrami exponent n represents a type of nucleation and growth mechanism. 20) Table 1 shows the crystallization growth type based on different n values.
The Avrami model derived from isothermal crystallization should be modified to include the parameter K of the formula when extending to the non-isothermal process. (5) where K c is the modified rate constant based on the nonisothermal process.
Mo Model
The Ozawa model is another kinetics equation derived from the Avrami model based on Evans 22) equation to describe non-isothermal crystallization. Compared with the Avrami model, in which the conversion ratio is related to crystallization time, the Ozawa model was established based on the evolution of conversion ratio as a function of temperature.
where P(T) is a function of temperature related to nucleation mode, nucleation rate, and growth rate. The meaning of m is similar to that of n, that is, m reflects a type of nucleation and growth mechanism.
14, [23] [24] [25] m is determined by the conversion ratio X(T) and time T by plotting ln[ − ln(1 − X(T))] against ln| β | as follows:
The Mo model is a combination of the Avrami and Ozawa models. [26] [27] [28] [29] The Avrami model describes the relationship of conversion ratio to time, whereas the Ozawa model denotes the relationship of conversion ratio to temperature. As shown in Eq. (2), crystallization time can be expressed as a function of temperature for crystallization under a constant cooling rate. Hence, a certain time should correspond to a certain temperature at the same conversion ratio. That is, when X(t) = X(T), the following equation can be obtained:
This equation can be transformed into (10) where
and a n m = , where F(T) corresponds to the cooling rate at unit crystallization time when reaching a certain value of conversion ratio; this parameter represents the crystallization rate at a certain conversion ratio. A low F(T) value indicates a fast cooling rate. a represents the type of nucleation and growth mechanism. F(T) and a can be obtained using the intercept and slope of the plot of ln| β | against lnt at a specific conversion ratio.
Determination of Activation Energy Using Kissinger
Method The Kissinger method was established based on the assumption that the process can be described by nth-order reaction. This method is widely used to obtain the kinetic parameter of crystallization and expressed as follows: (11) where T pi is the peak temperature at a fixing cooling rate, A is the pre-exponential coefficient, and E is the activation energy of the crystallization. The Kissinger method can be further converted to (12) activation energy E can be calculated using the slope of the plot of ln
Experimental Procedure
Materials
Testing samples were prepared by mixing CaCO 3 (99.99% purity) and Fe 2 O 3 (α-Fe 2 O 3 , 99.99% purity) at a mole ratio of 1:1 for 30 min. The mixture was pressed into a cylindrical shape under 10 MPa to obtain a homogenous sample. The samples were heated from room temperature up to 900°C, which was maintained for 1 h to ensure the decomposition of CaCO 3 . The temperature was further increased to 1 200°C and maintained for 10 h to generate CaO·Fe 2 O 3 . The samples were pulverized in a vibration mill.
Qualitative and quantitative analyses of X-ray diffraction (XRD) patterns (Model D/max2500/PC; Cu Kα) were performed before thermal analysis to verify the presence of CaO·Fe 2 O 3 in the samples after roasting and cooling. The XRD patterns of the samples were compared with those of CaO·Fe 2 O 3 in the standard PDF card.
The results (Fig. 2) show that the XRD pattern of the samples fitted well with that of CaO·Fe 2 O 3 in the standard PDF card, and other impurity peaks are not evident; this finding reflects that the CaO·Fe 2 O 3 phase accounts for the majority of the sample phases. Furthermore, XRD quantitative analysis shows that the CaO·Fe 2 O 3 content reaches 93%, confirming that the thermal analysis test is based on the crystallization phase of CaO·Fe 2 O 3 .
Non-isothermal DSC Investigation
Non-isothermal DSC investigation was conducted by using a Netzsch thermal analyzer (Model STA 449C). Samples (10 mg) were tiled in a Pt crucible, with an Al 2 O 3 crucible containing air as reference. The samples were heated to 1 300°C at 20 K/min and then cooled to 1 100°C at a cooling rate of 10, 15, 20, and 25 K/min in air atmosphere. Figure 3 shows the DSC curves of the samples at various cooling rates (10, 15, 20 , and 25 K/min). As the temperature decreases from 1 300°C to 1 100°C, three exothermic peaks mainly appear in order. According to the Fe 2 O 3 -CaO phase diagram, 10) three crystallization reactions are generated at n(Fe 2 O 3 )/n(CaO) = 1:1 when the temperature decreases from 1 300°C to 1 100°C; these reactions match the three peaks shown on the DSC curves. The experimental crystallization temperature is lower than the theoretical temperature because of the crystallization undercooling effect. The crystallization processes are described in Figs. 4 and 5 and correspond to Eq. (13) . The amount of product at various cooling rates remains constant. 10)
Results and Discussion
DSC Curves
The samples are initially in the full liquid phase from the start of cooling from point A. The first peak (peak 1) indicates the liquid-solid transition, in which 2CaO·Fe 2 O 3 precipitates from the liquid phase when the temperature decreases between points A and B. CaO·Fe 2 O 3 is then generated by the peritectic reaction at the interface of 2CaO·Fe 2 O 3 and the liquid phase at the beginning of temperature B, which corresponds to peak 2. Meanwhile, 2CaO·Fe 2 O 3 and the liquid phase gradually disappear. CaO·Fe 2 O 3 is generated on adhesion of the 2CaO·Fe 2 O 3 surface and inhibits the contact of 2CaO·Fe 2 O 3 to the liquid phase. Thus, the peritectic reaction cannot proceed completely, and the liquid phase remains low when the peritectic reaction is completed. The remaining liquid phase is cooled from points C to D. A eutectic reaction is generated, in which CaO·Fe 2 O 3 and CaO·2Fe 2 O 3 precipitate from the total liquid phase when the temperature decreases at point D. The temperature in this process is apparently similar to that during peritectic reaction, and the heat release for this part corresponds to peak 2. The generated CaO·Fe 2 O 3 adds to the CaO·Fe 2 O 3 produced from the peritectic reaction. CaO·2Fe 2 O 3 is further cooled from points E to F. Eutectoid reaction then occurs, in which CaO·2Fe 2 O 3 is transformed into CaO·Fe 2 O 3 and Fe 2 O 3 and corresponds to peak 3. The final phases for the entire process are CaO·Fe 2 O 3 and Fe 2 O 3 . The entire crystallization is described by Eq. (13) .
The temperatures for peaks 1 and 2 are nearly similar to each other; thus, the two crystallization peaks overlap. The peak should be separated using the Gauss rule to obtain the two complete peak patterns of the crystallization of 2CaO·Fe 2 O 3 and CaO·Fe 2 O 3 . This study mainly analyzed the kinetics of the two crystallization processes, which correspond to peaks 1 and 2. Figures 6 and 7 show the DSC curves of the two individual peaks at different cooling rates. 
Avrami Model
The relationship between conversion ratio and time can be determined using the DSC curves of the two crystallization reactions (Fig. 8) .
According to the Avrami model, K c and n are determined by the intercept and slope of plotting ln[ − ln(1 − X(t))] against lnt (Fig. 9) . The Avrami kinetic parameters of the two reactions are shown in Table 2 .
The two reactions include two stages, which were analyzed in this study. K c increases with increasing cooling rates, indicating that raising the cooling rate increases the crystallization rate; this conclusion is consistent with the actual situation. 
Mo Model
X(t) (20%, 40%, 60%, and 80%) was selected to determine the corresponding crystallization times of the four cooling rates in the two crystallization processes. Fitting the plots of lnβ against lnt, F(T), and a can be calculated using the intercept and slope of the fitted line as shown in Fig. 10 and Table 3 .
The F(T) values, which indicate that the cooling rate corresponds to a specific conversion ratio at a unit crystallization time, increase with increasing conversion ratio; this phenomenon follows the crystallization rules. Moreover, the F(T) value of peak 1 is lower than that of peak 2 at the same conversion ratio, indicating that peak 1 requires a low cooling rate to reach a fixed conversion ratio. That is, the crystallization rate of 2CaO·Fe 2 O 3 is faster than CaO·Fe 2 O 3 . This conclusion corresponds to the results of the Avrami model-based analysis. The a values remain nearly constant at peaks 1 and 2. The a values for the crystallization of and peritectic crystallization of CaO·Fe2O3 (peak 2). 
Calculation of Activation Energy Using Kissinger
Method According to Kissinger method, the peak temperature in the DSC curves at various cooling rates must be obtained.
After fitting the plots of ln (Fig. 11) , the activation energy E can be calculated using the slope of the fitted line. (14) where E Tol is the apparent energy value; E Che and E Phy refer to the apparent activation energy from the chemical reaction and energy change from phase transformation. The calculated activation energy is the activation energy of the chemical reaction; thus, energy accompanied by the liquid-solid transformation must be deducted from the calculated E Tol . The changes in energy in the phase transformation of the two processes are − 557. 25 
Effect of Cooling Rates on Two Crystallization
Processes The enthalpy change can be calculated from the peak area in the DSC curve. The standard enthalpy changes in the two processes were already obtained ( − 557.25 and − 1 228.7 kJ·mol The reduction behavior of calcium ferrite during sintering has been fully studied, whereas the crystallization behavior of sinter ore that cools from the liquid phase is rarely studied. This paper discussed the effect of cooling rates on the crystallization phase 2CaO·Fe 2 O 3 and CaO·Fe 2 O 3 . CaO·Fe 2 O 3 has higher reducibility and strength indices than 2CaO·Fe 2 O 3 , the results based on this study indicates that increasing the cooling rate promotes CaO·Fe 2 O 3 crystallization but inhibits 2CaO·Fe 2 O 3 crystallization. Namely, our studies focus on the effect of cooling rates on the crystallization phase. Our future work aims to concentrate on the influence of cooling rate on the morphology of calcium ferrite, specifically on the appropriate cooling rate required to generate acicular calcium ferrite. When applied in sintering, a larger amount of acicular calcium ferrite can be formed under a controlled cooling rate.
Conclusions
The non-isothermal kinetics of the CaO-Fe 2 O 3 system was examined by using DSC investigations determined by the Avrami and Mo models. Based on the results of this study, the following conclusions are presented:
(1) Crystallization includes three reactions. Crystallization of 2CaO·Fe 2 O 3 and CaO·Fe 2 O 3 , which correspond to the first two peaks in the DSC curves, was studied by thermal kinetics.
(2) Avrami model analysis showed that the two crystallization processes include two stages, namely, 2CaO·Fe 2 
